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Abstract — The intermetallic compound MgjNi was mechanically ground under a hydrogen atmosphere 
to synthesize a nanostructured composite material that is composed of nanocrystalline intra-grain and 
disordered inter-grain regions. Both the thermal and magnetic analyses confirmed that a volume fraction 
of the latter region increases twenty times as much as that in the initial compound, nearly 30%, by grinding 
for only 60 min. As a result of this structural modification, notable hydriding properties emerged; the 
dissolved hydrogen content reaches up to 1.6 wt% (MgiNiHu) without changing the crystal structure 
(MgaNi type) of the nanocrystalline intragrain region, and the cooperative dehydriding reaction between 
both the regions occurs even at 413 K. The hydriding properties are most likely reversible in the 
temperature ranges below 473 K, above which the disordered inter-grain region transforms into a 
crystalline phase. Copyright @ 1996 Acta Metallurgica Inc. 



I. INTRODUCTION 

Nanocrystalline materials [1] have drawn much 
scientific and technological interest in recent years 
[2, 3]. Since a large number of atoms locate at 
interfaces of nanometre-scale crystallites, the 
nanocrystalline materials show some unusual physi- 
cal properties such as depression of the melting 
temperatures, formation of metastable phases and 
rapid diffusion of elemental substitutions, and so on 
[2, 3]. 

Hydriding properties of these nanocrystalline 
materials are also different from those of the 
conventional crystalline or amorphous ones on both 
the thermodynamic and kinetic aspects, as reported 
by Mutschele and Kirchheim (4]. One of the 
hydriding properties is an increase of hydrogen 
solubility as reported on gas-condensed nanocrys- 
talline Pd [5, 6]. The origin of this phenomenon has 
been in controversy, but it seems to be due to an 
enhanced hydriding ability in the near-surface region 
of each crystallite of Pd [7-9], Another is that 
hydrogen diflusivity in the nanocrystalline Pd or 
transition-metal alloys depends on the hydrogen 
content in grain boundaries [4, 6, 10-12]. A model in 
which hydrogen diffuses in a heterogeneous region 
composed of crystalline and amorphous structures 
was presented to give an explanation of the 
experimental results [13]. Moreover, improved kin- 
etics in the hydriding process have been reported on 
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nanocrystalline compounds such as MgjNi, LaNi 5 
and TiFe formed by the mechanical processing 
[14-17]. 

The above results suggest that the hydriding^ 
properties of nanocrystalline materials are domi- 
nant ly affected by disordered regions at interfaces of 
nanometre -scale crystallites, which are a large volume 
fraction in nanocrystalline materials [18, 19]. In this 
sense, a nanocrystalline material can be regarded as 
a nanostructured composite material composed of 
the nanocrystalline intra-grain and disordered inter- 
grain regions. We believe that investigations for 
improving the hydriding properties of a nanocrys- 
talline material should be closely linked with the 
volume fraction and its structural properties of the 
latter region. 

Recently we have reported (20) the hydriding 
properties of the nanostructured composite material 
of the MgjNi system at low temperatures; its 
hydrogen content reaches up to 1 .6 wt% (Mg2NiH ! g ) 
without changing the crystal structure of the 
intra-grain MgjNi phase, and the dehydriding 
reaction occurs even at 440 K. On synthesizing this 
nanostructured composite material, the reactive 
mechanical grinding under a hydrogen atmosphere 
has been applied. This processing has already been 
applied to ZrNi-H [21, 22] and TiNi-H systems [23]. 
The first of the advantages is that many kinds of 
composite particles, composed of the crystalline and 
amorphous structures, could be formed by con- 
trolling hydrogen pressure [22]. The second is the 
appearance of an in situ activation effect for the 
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hyd riding reaction by a continuous creation of active 
surfaces. 

The aim in this paper is to clarify a close relation 
between the hydriding properties and the nanometre- 
scale structural properties on the M&Ni-H system 
mechanically ground under a hydrogen atmosphere. 
In particular, we focus our attention on the 
disordered inter-grain region, which could improve 
the hydriding properties of the nanostructured 
composite material of the Mg2Ni-H system. 

2. EXPERIMENTAL PROCEDURES 

2./. Sample preparation 

The initial compound MgjNi was supplied from 
the Mazda Motor Corporation, and it contains small 
amounts of pure Mg and MgNi 2 . Both the initial 
compound of 1 g of around 300 //m in size, and 20 
steel balls of 7 mm in diameter (weight ratio 1:30) 
were placed in a steel vial of 30 cc volume. The vial, 
which was equipped with a connection valve for 
evacuation or introduction of hydrogen, was directly 
degassed for 720 min (12h) below 0.01 Pa. Then, 
high-purity hydrogen (7 N) of 1.0 MPa (total amount 
of nearly 260 cc) was introduced into it. The initial 
compound was mechanically ground using a plane- 
tary ball mill apparatus (Fritsch P7) with 400 rpm for 
periods from 5 to 4800 min (80 h) at ambient 
^temperature. 

".;i$Sn this work, we pay attention to avoiding impurity 
effects on the hydriding and structural properties of 
the samples as far as possible. Therefore, the material 
and shape for the vial were carefully selected, so as 
to lower the amount of elemental Fe contaminated 
during the grinding process (negligibly small, as 
shown in Fig. 1). In addition, the vial with the sample 
was directly degassed prior to the grinding under a 
high-purity hydrogen atmosphere and was always 
handled in an argon grove-box before and after 
grinding, so as to minimize the oxidation effect on the 
sample. 
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Fig. L Amount of the elemental Fe contaminated into the 
MgjNi-H system ground under a hydrogen atmosphere, the 
value of which was examined by the induction coupled 
plasma (ICP) spectrometry. 
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Fig. 2. X-ray diffraction profiles (Cu-Ka) of the Mg*Ni-H 
system ground under a hydrogen atmosphere. The sample 
shown as "Omin" is the standard hydrogen dissolved 
MgiNiHoj formed by a conventional hydrogenation for 
720 min under a hydrogen pressure of 1.0 MPa. 



2.2. Sample characterization 

The hydriding and structural properties of the 
samples thus prepared were characterized by X-ray 
diffraction (Mac Science MXP3 and Rigaku 2500HF, 
Cu-Ka), thermal analyses (Seiko TG/DTA300), SEM 
(Hitachi S4100) and TEM (Hitachi H9000NAR) 
observation, BET (Brunauer-Emmett-Teller) adsorp- 
tion examination (Shirnazu GEMINI2360), and an 
examination of magnetic property (Toei-Kogyo 
VSM3-15). 

The thermal analyses (thermogravimetry (TG) and 
differential thermal analysis (DTA)) were carried out 
under a purified argon atmosphere either in a heating 
condition at 5 K min -1 to 733 K or in an isothermal 
condition from 413 K to 453 K. Weights of the 
samples for the thermal analyses are 0.023-0.033 g. 
To prepare the TEM specimen, a thinning technique 
by a focused ion beam (FIB) was successfully 
employed (using Hitachi FB2000). The magnetic 
properties were examined by a vibrating sample 
magnetometer (VSM) under a magnetic field up to 
16kOe. Weights of the samples for the magnetic 
examination are 0.021-0.022 g. 

3. RESULTS 

3./. Hydriding properties 

X-ray diffraction profiles of the Mg2Ni-H system 
are shown in Fig. 2. The standard hydrogen dissolved 
Mg 2 NiH 0J [24-26] with hydrogen content of 0.3 wt% 
is formed by a conventional hydrogenation for 
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Fig. 3. Thermogravimetry (TG) profiles of the MgiNi-H system ground under a hydrogen atmosphere. 



720 min (12 h) under a hydrogen pressure of 1 MPa 
at room temperature. The diffraction peaks of 
MgiNiHoj shift to a lower angle compared with those 
of the Mg2Ni, especially the (00/) peaks. The profile 
corresponding to Mg2NiH 0J becomes visible for the 
compound ground for only 5 min under a hydrogen 
atmosphere. Peak intensities are weakened by further 
grinding, but the peak positions remain unchanged. 
This indicates that the hydrogen dissolved MgjNiHoj 
always exists in the intra-grain region of the 
compound, and that the volume fraction gradually 
reduces upon the grinding. No trace for hydride 
phases (MgjNiH*), including both low and high 
temperature ones [24, 27-29], are found even after 
grinding for 4800 min (80 h). 

The results of thermogravimetry (TG) shown in 
Fig. 3, however, indicate that the hydrogen content 
drastically increases by grinding up to 60 min. The 
hydrogen content almost saturates with grinding 
times longer than 60 min as shown in Fig. 4, and it 
finally reaches up to 1.6 wt% (Mg 2 NiH,. 8 ). This 
hydrogen content exceeds 50% of the maximum 
values in chemically- modified MgiNi-H systems at 
ambient temperature — nearly 1.1 wt% [30,31]. 

In spite of their different hydrogen contents, 
depending on the grinding time, the dehydriding 
reaction for all the samples starts to occur around 
440 K (shown by an arrow in Fig. 3). A 
time-derivative of the dehydriding reaction, the 
so-called derivative themogravimetry (DTG), is 
shown in Fig. 5. This figure indicates that all the 
hydrogen in the compound ground for shorter than 
60 rain are dehydrogenated in the same temperature 
range as that for the hydrogen dissolved Mg2NiHo.j. 
This dehydriding temperature is much lower than 



that of low temperature (LT) phase of Mg2NiH 4 
which was confirmed to be 520-570 K in our 
experiments. Since no trace of the hydride' phase, is- 
obtained in the X-ray diffraction profiles shown in 
Fig. 2, a dehydriding component around 520 K in the 
compound ground for 300 and 4800 min is due to the 
LT-Mg2NiH 4 phase formed in the heating process in 
an argon atmosphere. 

Judging from Figs 3 and 5, hydrogen in all the 
samples has a similar thermodynamic stability to that 
of hydrogen in the hydrogen dissolved MgjNiHoj. 
Thus, the increase of hydrogen content by grinding is 
regarded as an intensive increase of dissolved 
hydrogen into the MgiNi system. 

Dehydriding kinetics of the compound ground for 
60 min were examined by isothermal thermogravime- 
try and are shown in Fig. 6. In this isothermal 
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Fig. 4. Hydrogen content as a function of a grinding time 
in the MgiNi-H system ground under a hydrogen 
atmosphere. 
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Fig. 5. Derivative themogravimetry (DTG) profiles of the MgiNi-H system ground under a hydrogen 

atmosphere. 



condition, the dehydriding reaction proceeds even at 
413 K. At 453 K, 90% of dissolved hydrogen 
(1.3 wt%) in the sample is dehydrogenated within 
30 min. An activation energy for the dehydriding 
. reaction, which is calculated by the Arrhenius plot of 
reaction-rate constants (shown in Fig. 7), is nearly 
130 kJ mol -1 . This value is comparable with that for 
Mg2NiH 4 at higher temperature ranges around 500 K 
[32]. 

3.2. Structural properties 

Various kinds of structural analyses were carried 
out to explain the notable hydriding properties as 
described in Section 3.1. 

First we tried the BET adsorption examination and 
the SEM observation. Figure 8 shows the relation 
between the specific surface area and the hydrogen 
content of the samples. In a grinding process shorter 
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Fig. 6. Dehydriding kinetics of the MgaNi-H system ground 
for 60 min under a hydrogen atmosphere. 



than 1 5 min, the hydrogen content increases linearly 
with increasing specific surface area. This probably 
corresponds to the milling effect reported by Aoki 
et aL [33]. In a grinding process from 15 to 60 min, 
however, the hydrogen content increases more 
rapidly than expected from the increase of the specific 
surface area. Any morphological change is not 
recognized in this grinding process, as is evident from 
the SEM observation in Fig. 9, in which both the 
samples are composed of particles of size of less than 
several micrometres. In this way, the differences of 
hydrogen content shown in Fig. 3 cannot be 
understood from either the surfacial or the morpho- 
logical features of the samples. 

We therefore claim that the rapid increase of the 
hydrogen content is caused by a high density 
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Fig. 7. Arrhenius plot of the reaction-rate constants in 
dehydriding reaction of the MgaNi-H system ground for 
60 min under a hydrogen atmosphere. The reaction-rate 
constants are determined using Fig. 6. 
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Fig. 8. Hydrogen content as a function of a specific surface 
area of the Mg^Ni-H system ground under a hydrogen 
atmosphere. A closed square represents the value for the 
initial compound. 



hydrogen occupation in the disordered inter-grain 
region around nanometre-scale crystallites of the 
hydrogen dissolved MgiNiHoj, mainly formed during 
the grinding from 15 to 60 min. 

Next the examinations concerning the nanometre- 
scale crystallites were carried out. Figure 10 shows 
the size transformation of the crystallites by grinding. 
The sizes of crystallites were analysed from the peak 
broadening of X-ray diffraction shown in Fig. 2, 
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Fig. 9. SEM images of the MgiNi-H system ground for 
1 5 min and 60 min under a hydrogen atmosphere. 
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Fig. 10. Size transformation of the crystallites of the 
MgjNi-H system ground under a hydrogen atmosphere. 



using the Wilson method [34] (using the application 
software of the X-ray diffraction apparatus, Rigaku 
2500HF). In this method, the size and lattice strain 
effects of the crystallites on the broadening of the 
X-ray diffraction peak are individually estimated by 
using an approximation of both the Cauchy and 
Gaussian functions, respectively. As a result of the 
analyses, the average crystallite sizes are found to 
reduce down to 16 nm by grinding for 60 min. A 
slight increase of the sizes by over grinding may relate 
to a coagulation of the particles. We could find 
almost no lattice strain in the crystallites of all the 
samples ground under a hydrogen atmosphere. 

One of the high resolution TEM (HRTEM) images 
of the compound ground for 60 min is shown in 
Fig. 11 [35]. This lattice image indicates that the 
sample is composed of the equiaxed MgzNiH, 
(jc < 0.3) without sharp boundaries. The average 
crystallite size is estimated to be 15 nm or less. This 
value well agrees with the estimation from the peak 
broadening in X-ray diffraction shown in Fig. 10. 
Here, we would like to emphasize that all our images 
were obtained from the inner areas of each particle 
thinned by the focused ion beam (FIB) cutting 
technique [35-37]. Conventionally for the TEM 
observation of the nanometre-scale structure of 
particles, only edge areas of particles have been 
examined so far. 

Finally, the magnetization curves of the samples 
were measured to estimate the volume fraction of the 
disordered inter-grain region from the precipitation 
amount of elemental Ni. The results obtained are 
shown in Fig. 12. The hydrogen dissolved Mg 2 NiH 0 .3 
exhibit a weak diamagnetic behaviour [38]. Through 
grinding, however, a super-paramagnetic component 
(39, 40] gradually appears, which is attributed to the 
formation of micro-clustered elemental Ni, probably 
in the precipitation range of less than several 
nanometres. This directly supports the increment of 
the disordered inter-grain region, at which the initial 
MgjNi type atomistic structure is deformed by an 
accumulation of the external energy of the grinding. 
The magnetic moments at the magnetic field of 
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1 6 kOe are summarized in Table 1 . On the basis of the 
change of magnetic moment from 0 to 5 min, it is 
deduced that the volume fraction of the disordered 
inter-grain region of the compound ground for 1 5 or 
60 min increases nearly 7 or 18 times as much as that 
for 5 min, respectively. The magnetic moment of the 
compounds ground for longer than 60 min were 
almost constant. 




NANOSTRUCTURED COMPOSITE MATERIAL 

4. DISCUSSION 

Experimentally it was revealed that the formation 
of the disordered inter-grain region causes an 
intensive increase of the dissolved hydrogen into 
Mg 2 Ni. Here, we estimate an absolute volume 
fraction of the disordered inter-grain region (K f ) and 
its dissolved hydrogen content (H c wt%). In the 
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Fig. 11. High resolution TEM (HRTEM) images of the MgaNi-H system ground for 60 min under a 

hydrogen atmosphere [35]. 
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Fig. 12. Magnetization curve of the MgjNi-H system 
ground under a hydrogen atmosphere. 



compound ground for 60 min, the dissolved hydro- 
gen content (1.4 wt% from Fig. 2) is expressed as 
follows; 

1.4 wt% = (1 - KK60 min)) 

x 0.3 wt% + K f (60 min) x H c wt%. (1) 

The first term on the right hand side expresses the 
dissolved hydrogen in the intra-grain region (always 
0.3 wt% due to the presence of the MgjNiHo j phase), 
and the second one expresses that in the inter- 
grain region. Setting the volume fraction of the 
disordered inter-grain region (Ki(60min)) to 0.1, 0.3 
and 0.5, the dissolved hydrogen content in the 
disordered inter-grain region (//*) becomes 11.5, 
4.0 and 2.5, respectively. Using the following 
equation [4], 



K f =3 x A/C, 



(2) 



where /, and C, represent the thickness of the 
inter- grain region and the average crystallite size 
shown in Fig. 10, respectively: the value of K|(60 min) 
is obtained to be around 0.3 for /, = 1.5 nm. In this 
case the dissolved hydrogen content in the disordered 
inter-grain region (H c ) reaches 4.0 wt%. This value is 
almost the same as that in the MgiNiH* phase, and 
is most probable. We could find from this estimation 
that around 85% of hydrogen in the compound 



Table !. Magnetic moment at l6kOe or the 
Mg>Ni-H system ground under a hydrogen 
atmosphere 
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Fig. 13. Schematic figure for the nanostructured composite 
materials of the Mg2Ni-H system ground under a hydrogen 
atmosphere. Here C„ /, and V t represent average crystallite 
size, thickness of the inter-grain region and volume fraction 
of the disordered inter-grain region, respectively. 



ground for 60 min, was in the disordered inter-grain 
region. 

Grinding-time dependence of Vt is calculated in a 
similar way by fixing this value (4.0 wt%) of H c . As 
a result, V% of the compound ground for 5 and 1 5 min 
is deduced to be 0.015 and 0.12, respectively. These 
features are schematically shown in Fig. 13. It is 
noted that the grinding-time dependence of the 
volume fraction of the disordered inter-grain region 
agrees satisfactorily well with that independently 
estimated from the magnetic moment, as shown in 
Fig. 12. That is, V t of the compound ground for 15 
and 60 min increases by nearly 8 and 20 times as large 
as that for 5 min, respectively. 

The formation of the disordered inter-grain region 
was not detected in the X-ray diffraction profiles 
(Fig. 2), because the interface thickness is less than a 
few nanometres. It may result in only an increase of 
diffuse background intensities [7,41,42]. 

To clarify the thermal stability of the disordered 
inter-grain region, we carried out the thermal 
analyses of the Mg2Ni(-H) system ground for 
4800 min (80 h) under an argon atmosphere. It was 
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Fig. 14. X-ray diffraction profiles (Cu-Ka) of MgjNi ground for 4800 min under an argon atmosphere. 
For a comparison, the profile of the Mg2Ni-H system ground for 4800 min under a hydrogen atmosphere 
(the same sample as shown in Fig. 2) is also shown below. 



confirmed from the peak broadening of X-ray 
diffraction (Fig. 14) that the average crystallite size of 
this sample is much less than 10 nm, and the volume 
fraction of the inter-grain region exceeds more than 
50% of the total volume using equation (2). In 
addition, the residual lattice strain (local and 
non-uniform deviation of lattice constant) of more 
than 0.4% was also found to exist in the crystallites. 
Therefore we believe that the structural properties of 
this sample, as a whole, represent those for the 



disordered inter-grain region of the compound 
ground under a hydrogen atmosphere. Thermal 
analyses of an as-ground sample are shown in 
Fig. 15(a). Any thermogravimetrical and thermal 
reactions are not detected in the sample ground under 
an argon atmosphere. After the conventional 
hydrogenation for 60 min under a hydrogen pressure 
of 1 MPa, the similar thermal analyses were carried 
out and the results are shown in Fig. 15(b). In this 
figure, there are two weight losses in the TG profile 
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Fig. 15. Thermogravimetry and differential thermal analysis (TG/DTA) of (a) MgjNi ground for 4800 min 
under an argon atmosphere, and (b) its hydrogenated sample for 60 min under a hydrogen pressure of 
I MPa. Figure 15(c) corresponds to a TG/DTA profile of the Mg2Ni-H system ground for only 60 min 
under a hydrogen atmosphere (the same sample as shown in Fig. 2). The upper direction shows the 

exothermic reaction in each figure. 



and a sharp exothermic as well as two broad 
end o thermic reactions in the DTA profile. The 
endothermic reactions are attributed to the dehyd rid- 
ing reaction of the stable hydride phases such as LT- 
and HT-Mg2NiH 4 , in addition to that of MgaNiHaj. 

Here, we will focus on the sharp exothermic 
reaction at 473 K in Fig. 15(b). Quite a tiny trace of 



the same reaction was found in the compound ground 
for 60 min under a hydrogen atmosphere (shown by 
an arrow in Fig. 15(c)). This exothermic reaction 
indicates that the disordered inter-grain region 
crystallizes into the hydride phase (LT-Mg2NiH«) at 
this temperature range. By the formation of this 
hydride phase, the dehydriding reaction is transferred 




340 ORIMO et ah HYDRIDING PROPERTIES OF NANOSTRUCTURED COMPOSITE MATERIAL 

the intra-grain Mg2Ni phase. This implies an 
appearance of the cooperative dehydriding process 
between the intra- and inter-grain regions. That is, 
the lattice shrinkage upon the dehydriding of the 
intra-grain region most likely leads to the thermal 
instabilities of hydrogen in the disordered inter-grain 
region, and promotes the dehydriding reaction of the 
compound. This phenomenon should be examined in 
more details both from the scientific and technologi- 
cal aspects. 

In addition to the various examinations described 
in this paper, the small angle neutron scattering 
(SANS) measurements have clarified a spatial 
inhomogeneity of hydrogen (deuterium) concen- 
tration between the intra- and inter-grain regions [43]. 
Nuclear magnetic resonance (proton NMR) [44-46] 
is also in progress to obtain information on 
complex-structures of Mg-Ni-H and hydrogen 
diffusivities mainly in the disordered inter-grain 
region. 

5. CONCLUSIONS 

The dissolved hydrogen content in MgiNi syn- 
thesized by reactive mechanical grinding under a 
hydrogen atmosphere reaches up to 
1.6 wt% (Mg2NiHi.g), without changing the crystal 
structure of the intra-grain Mg 2 Ni phase. Moreover, 
the cooperative dehydriding reaction between the 
intra- and inter-grain regions occurs even at 413 K. 
These phenomena originate from the formation of a 
nanostructured composite material which is com- 
posed of the nanocrystalline intra-grain and disor- 
dered inter-grain regions. The volume fraction and its 
hydrogen content of the latter region in the 
compound ground for 60 min are estimated to be 
30% and 4.0 wt%, respectively. Since the disordered 
inter-grain region transforms into the crystalline 
phase at 473 K, the reversibility to react with 
hydrogen is most likely realized below this tempera- 
ture. 
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Fig. 1 6. Hydrogen content in the whole of the samples as 
a function of a relative change of the unit-cell volume of the 
intra-grain MgjNi phase in the dehydriding process. 

to higher temperatures around 520 K. In other 
words, this implies that the reversible hydriding and 
dehydriding reaction without changing the atomistic 
structure of the disordered inter-grain region is only 
realized below 473 K. 

Indeed the reversibility was examined using the 
sample which is first ground for 60 min under a 
hydrogen atmosphere. After the dehydrogenation at 
453 K (shown in Fig. 6), the sample was re-hydrogen- 
ated at 333 K. Then, the hydrogen content reaches up 
to 1 .4 wt% which is almost the same as that for the 
first run. We can therefore confirm that the 
nanostructured composite material essentially pos- 
sesses the reversibility to react with hydrogen. 

We finally discuss the cooperative dehydriding 
reaction of the MgjNi-H system ground for 60 min 
under a hydrogen atmosphere. Figure 16 shows the 
whole hydrogen content as a function of relative 
change of the unit-cell volume of the intra-grain 
MgjNi phase in the samples dehydrogenated for 
120 min at each temperature shown in Fig. 6. The 
unit-cell volume of each sample was calculated from 
the lattice constant shown in Table 2. The full 
expansion of unit-cell volume, nearly 3%, corre- 
sponds to the formation of MgjNiHoj. The relative 
lattice shrinkage directly shows the dehydriding 
reaction from the intra-grain region. As is evident 
from Fig. 16, the dehydrogenated amount from the 
compound, where around 85% of hydrogen was 
initially in the disordered inter-grain region as 
mentioned above, is almost proportional to that from 



Tabic 2. Lattice constants and unit-cell volumes or the intra-grain MgjNi region in the 

s amples dehydrogenated for 120 min at each temperature 

' ' " ~~ Lattice constant Unit-cell volume 

Sample (nm) ( nm *> 

Initial compound a « 0.521 (0) c = 1.32 (3) 0.31 1 (0) 

as ground for 60 min 0.524 (I) 1 .34 (7) 0.320 (4) 

dehydrogenated at 

413 K 0.523 (1) 1-34 (0) 0.317 (5) 
423 K. 0.522 (9) 1.33 (4) 0.315 (9) 
433 K 0.522 (2) 1.33 (0) 0.314 (1) 
443 K 0.522 (0) 1.32 (9) 0.313 (6) 
453 K 0.521 (3) 1.32 (7) 0.3 1 2 (3) 
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